Introduction
Dome C is a plateau in Antarctica, at latitude 75°south. It lies 1000 km inland at an altitude of 3233 m. Since its opening in 2005, the Italy-French Concordia station is of great interest for research, especially for astronomy. Indeed the main advantage of Antarctica is the almost continuous night during the polar winter (∼ 3 months), allowing continuous observation of the same field of view. Moreover the atmospheric turbulence at Dome C seems to be very advantageous because this site is unique having a very strong but very thin turbulent surface layer, ∼ 30 m thick, much less than the ∼ 200 m surface layer lying above "classical" observatories and even at South Pole (Agabi et al. 2006 , Marks et al. 1999 . These characteristics have also been verified using a numerical simulation of atmospheric turbulence (Lascaux et al. 2011 ) Since 2005, the astronomical community seeks to characterize the sky above Dome C (Lawrence et al. 2004 , Agabi et al. 2006 , Vernin et al. 2007 , Trinquet et al. 2008 , with instruments such as DIMM, MASS, SODAR, sounding balloons and more recently with Single Star Scidar (SSS) ) or with numerical model (Lascaux et al. 2011 ) . We will focus here on data collected by SSS during the 2006 winter campaign. SSS technique is used at Dome C because the classical Scidar (double star) requires a telescope with a pupil larger than 1 m, which is not available at Dome C (Hoegemann et al. 2004 and references therein). Vernin et al. 2009 presented the first results obtained at Dome C with the SSS, restricted to two nights. They validate the instrument by comparison with a DIMM and National Oceanic and Atmospheric Administration 1 archive, showing good agreement for seeings ranging from 0.2 to 2 arcsec and for wind velocities. In next part 2, we briefly recall the Scidar principle and improvements in detectivity threshold calculation. In section 3, the results on the statistical distribution, the stability and seasonal evolution of integrated parameters such as seeing ε 0 , coherence time τ 0 , isoplanatic angle θ 0 and "coherenceétendue" G 0 are discussed as well as C 2 N (h) and V(h) profiles. In section 4 the small approximation assumption is discussed and Dome C is compared with other "classical" mid-latitude observatories and South Pole.
Single Star Scidar method
2.1. Brief recall SSS is based on a 40cm telescope Ritchey-Chrétien optical combination supported by an equatorial mount (see more details in Vernin et al. 2009 ). The whole instrument is designed to resist to the worst polar conditions. SSS technique calculates spatio-temporal correlation of images of the scintillation of single star C * (r, t). The autocorrelation has a single bump at the center. Cross-correlations may have several bumps displaced from the center of the correlation plane with different amplitudes. Each bump corresponds to a turbulent layer (Vernin & Azouit 1983 ):
• The width of each bump depends upon the altitude and the wind velocity dispersion σ v of the corresponding layer;
• The bump position depends upon the wind speed and wind direction V;
• The amplitude of the bump depends upon the intensity of turbulence C 2 N , h and σ v .
The vertical resolution of SSS is dh = 500m. It can reach a maximum altitude of about 30 km along the line of sight, but considering that the airmass of Canopus star varies between 1.2 and 1.6, the maximum altitude reached by SSS is about 25 km a.s.l. in our case.
The first detectable wind speed is ∆V = secz · ∆x/2∆T ≈ 1.5ms −1 In order to calculate the vertical profiles of C 2 N (h), V(h), and σ v (h), we use a simulated annealing algorithm which is described by Habib et al. 2006 . This algorithm generates a large number of atmospheric configuration sets
, at each altitude h i , in order to find one that gives an autocorrelation and a cross correlation as close as possible to the real correlations C * (r, 0), C * (r, ∆t) and C * (r, 2∆t) ), where ∆t is the time lag between two adjacent images of the pupil. SSS adds 4 sub-layers at zero altitude because we found several bumps in the correlation plan corresponding to very low altitude layers (less than the SSS resolution). If one wants to take into account these bumps, corresponding to surface layer, it is necessary to add about 4 sub-layers at zero altitude. Examples of results obtained with this method are shown in Figs 1 and 2 which represent the temporal evolution of the profile of C 2 N (h) and V(h). One can see spurious velocity evaluations in Fig. 2 (top) , which seems very noisy and with many very high velocities. These spurious velocities coincide most of the time with very low optical turbulence level.
In order to clean out the velocity pattern, we now focus on the detectivity threshold of SSS.
As was shown by Azouit 1983, and Vernin et al. 2009 , the C 2 N detectivity threshold of SSS is given by:
where δh is the thickness of the turbulent layer, D is the diameter of the telescope, N the number -6 -of images, and C * (0) the variance of scintillation:
This formula is true if we assume that the image is infinite, which is not the case in practice. When the scintillation pattern displacement due to wind speed becomes large when compared to the pupil size, the surface of coherence of the pupil decreases, which implies that the statistical error increases. To calculate the detectivity threshold, we use the real number of speckles observed in this surface of coherence (Vernin & Azouit 1983) :
where ρ is the first Fresnel zone, it is the diameter of the spatial correlation of the scintillation
Equation 3 is true when one calculates the auto-correlation where all the atmospheric speckles participate to the evaluation of C * (r) as well as the spatio-temporal cross-correlation C * (r, τ) for zero velocity turbulent layers. Let us imagine now a turbulent layer crossing the pupil within a time ≈ 2∆t. When evaluating the cross-correlation at τ = 2∆t, almost no speckle will contribute to the evaluation of C * (r, 2∆t), leading to a poor signal to noise ratio. In last equation 3, one needs to take into account the effective number n of speckles which participate to the cross-correlation computation:
where N speckles is the number of speckles observed within the whole collecting light surface S 0 (the surface of the pupil), corresponding to a zero velocity, and S is the coherence surface for the calculation of cross correlation corresponding to a non zero velocity (S depends upon velocity of each layer). The detectivity threshold to consider for each altitude is now:
Speckles going outside the pupil
Since the diameter D of pupil is limited to 40cm, the measurable wind speed is also limited.
The maximum distance between a bump and the center of the correlation plane can not exceed D. This speed limit depends on the diameter of the pupil, and the time interval 2∆t between three images:
For SSS at Dome C, 2∆t = 11.2ms, then V max ≈ 35m/s perpendicularly to the line of sight. If we consider secz ≈ 1.4 with Canopus star at Dome C, the velocity measured in y direction must be corrected in order to obtain the horizontal wind speed. Therefore Vy max can reach 49ms −1 . In other words, depending on the wind velocity direction, the maximum detectable wind modulus is comprised between 35 and 49ms −1 .
Why two intervals? Habib et al. 2006 have shown that the simulated annealing method needs the knowledge of the auto and the first two cross-correlations measured at ∆t and 2∆t, in order to separate the bump widening effect due to both the altitude h and the velocity dispersion σ V .
Therefore, one needs to filter all the data that have wind velocities greater than V max .
The detectivity threshold of SSS detailed in section 2 affects mainly the high speeds, and therefore essentially the coherence time τ 0 which is the only integrated parameter depending upon wind speed (equation 9). In Fig. 3 , we compared the evaluation of the wavefront coherence time τ 0 before and after the filtering process. One can see that the coherence time is slightly greater when this filtering is applied because spurious high wind velocites have been rejected.
Once the two filtering are performed, one can assess atmospheric parameters important for adaptive optics.
Results
In order to characterize the atmosphere from an observational point of view, it is necessary to calculate the seeing ε 0 , the isoplanatic angle θ 0 , and the coherence time τ 0 . These parameters can be calculated using the vertical profiles of C 2 N , and wind speed V (Roddier 1981):
where h is the altitude above the telescope and h 0 is the SSS elevation above ice, h 0 = 8m.
From these parameters, one can calculate the "coherenceétendue" G 0 = r 2 0 τ 0 θ 2 0 as defined by Lloyd 2004 , where Fried's parameter r 0 (Roddier 1981 ) is directly deduced from the seeing:
This parameter is important because it is a weighting of the three main integrated parameters ε 0 , θ 0 and τ 0 , well adapted to adaptive optics.
For SSS, the surface layer corresponds to the 4 sub-layers at the zero-altitude, and the free atmosphere correspond at any other layer (from 1 km above ice level).
All the results shown here were calculated from about 90000 profiles measured between March and September 2006. In order to decrease the computation time (simulated annealing method requires huge computation), we averaged each set of 10 profiles, leading to about 9000 profiles, the repartition of which is shown in fig 7. 
Statistical distributions
After calculating these parameters, we studied their statistics to see how they are distributed.
The statistical distribution of the high angular resolution parameters is shown in Fig 
Parameters stability
The stability of these parameters is of major concern and can be estimated from continuous time during which one can make an acquisition with a parameter better than a given value. As an example, what is the normalized continuous time T during which ε 0 < ε 0 ? Since observations are made over time intervals which may vary from few minutes to hours, we took into account the duration of these intervals to compute some normalized fraction of time comprised between 0 and 1:
where j refers to one of the N continuous observations, t i, j (ε 0 ) is the duration of one of the M intervals of time where the constraint ε 0 < ε 0 is true during the j th record and t j is the duration of the j th record. With that definition, the stabilities of ε 0 , θ 0 , τ 0 and G 0 are shown in Fig. 5 .
Considering the whole atmosphere contribution, at T = 0.5, the seeing is continuously better than 1.2 arcsec, the isoplanatic angle is continuously larger than 6 arcsec, the coherence time is continuously larger than 3 ms and the coherenceétendue is continuously larger than 1.2 m 2 .ms.arcsec 2 . Considering only the free atmosphere contribution, the threshold parameters (at T = 0.5) are respectively 0.3 arsec, 6 arcsec (same as previous case), 8.5 ms and 40 m 2 .ms.arcsec 2 .
Another way to estimate the stability is to compute the evolution of the four integrated parameters during the 18 hours of the polar night, centered on the local midnight and averaged (and median) over the whole 2006 campaign, as shown in Fig. 6 . One can notice large differences between median and mean τ 0 and G 0 values due to the large scattering of these variables.
One can see that astronomical conditions are much better at the beginning of observation, from 6 to 9 UT, and then deteriorate and remain stabilized during the rest of the night, from 9 to 24 UT, 16 UT corresponding to local midnight.
Seasonal Evolution of parameters
In order to know the evolution of the atmospheric quality during the year, we also calculated the average, month by month, of each integrated parameter. The result is visible in the Fig. 7 . The continuous line represents the average over the whole atmosphere and the dashed line refers to the free atmosphere.
The evolution of θ 0 is calculated only for the whole atmosphere because this parameter is insensitive to the lower layers.
3.4. Vertical profiles and wind speed evolution In order to know the evolution of wind speed during the year, we computed the monthly average of the mean horizontal velocity, averaged over the whole atmosphere, deduced from SSS and NOAA data. The result is shown in Fig. 9 . The trend of the two curves is similar, but NOAA velocities are slightly larger than SSS ones. The mean wind speed of the slowest surface layer detected by the SSS is around 6 m/s, at 8 m above ice level, also observed by Travouillon et al. 2008 . Based on Meso-NH simulations, Lascaux et al. 2011 and Hagelin et al. 2008 found a wind speed above ice level of about 4 and 8ms −1 respectively, which are very close to our SSS measurements.
Discussion
In most of studies relevant to wave propagation, it is implied that the weak perturbation assumption is valid within the following constraint (Roddier 1981) :
where I is the normalized intensity fluctuation. SSS measures the autocorrelation of the scintillation C * (r) in the pupil plane and gives access to the scintillation index σ 2 I = C * (0). In Fig. 10 , one can notice that equation 12 is well verified, with σ 2 I median being 0.14 and σ 2 I ≤ 0.4 during the whole campaign. The distribution of the scintillation index seems to follow a log-normal curve, with a small secondary bump for σ 
In order to verify that this underestimation has an influence or not on values of coherence time, we used the wind speed from the NOAA above 17km up to 25km a. contribution to optical turbulence at Dome C, confirming the steady free atmosphere above the thin surface layer. In Fig. 11 , histograms and cumulative distribution of ε 0 , θ 0 , τ 0 and G 0 are given excluding the surface layer contribution. One can see that the seeing becomes excellent around 0.3 arcsec, the isoplanatic angle is the same since the surface layer contribution has no influence, the coherence time is about three times better with a median τ 0 about 10 ms and finally the coherenceétendue is far better because G 0 median is about 64 m 2 ms arsec 2 . Comparison of our measurements with those of Lawrence et al. 2004 and Trinquet et al. 2008 is given in Table 2 .
Our seeings compare well with Lawrence et al. 2004 estimation, but SSS isoplanatic angle and coherence time are larger by a factor 1.5-2.5.
Conclusion
The purpose of this study is to characterize the quality of the atmosphere above Dome C from the point of view of high angular resolution astronomy. Single star scidar allows us to retrieve both C 2 N (h) and V(h) profiles from ice level up to high atmosphere, giving access to the major high angular resolution parameters relevant to adaptive optics such as ε 0 , θ 0 and τ 0 and consequently to the coherenceétendue G 0 . Measurements were performed during the whole polar winter 2006, from March to September. The present analysis is based on a previous article from Vernin et al. (2009) where SSS and DIMM were cross-compared at the same time and same site, giving almost identical seeing measurements within a large dynamical range from 0.2 to 2.0 arcsec seeings. SSS-deduced wind speed measurements also well compared with National Oceanic and Atmospheric Administration re-analysis.
We have shown that the seeing follows a slightly bimodal distribution centered around 0.4 and 1.2 arcsec, mainly attributed to a major contribution of the surface layer optical turbulence. But, from time to time, its contribution disappears, leading to the only influence of the free atmosphere which is very steady and low. Over a seven months period, (March to September) the median values of seeing, isoplanatic angle, coherence time and coherenceétendue are respectively 1.00 arcsec, 6.9 arcsec, 3.43 ms and 1. Now that it is well established that most of the turbulence at Dome lies within the first 30 m above ice, it is tempting to imagine that a telescope might be placed onto a 30 m elevated platform, preventing from the turbulent surface layer. PILOT is such an attempt detailed by Lawrence et al. 2009 where the telescope is installed on top of a concrete-metallic pillar. Great care has to be taken to do not disturb the flow around the structure. Trinquet et al. 2008 shown that the gradient of the potential temperature at Dome C is about 30°C within 30 m, meaning a very strong vertical gradient of the refractive index. Any mechanical turbulence will produce strong optical turbulence, not only in the wake of the building structure but also above the building. Assuming that no extra turbulence is generated and installing the telescope above the surface layer, one would expect a median seeing, an isoplanatic angle and a coherence time of respectively 0.29 arcsec, 6.9 arcsec and 10.2 ms leading to a coherenceétendue of 64 m 2 ms arsec 2 , around ten time better than all the major known observatories.
We also demonstrated that the continuous time during which some integrated parameter is better than a given threshold, is much better above the surface layer than at ice level, except for the isoplanatic angle which is not affected by surface turbulence.
Surprisingly, the first hours of each 24 hour local night allows much better astronomical 3 Ventarrones was selected as a potential site to install the European Extremely Large Telescope (E-ELT). Here, we confirm the rapid acceleration of the wind speed within the surface layer from 5 m/s at ground level up to about 10 m/s on top. Across the free atmosphere, the wind speed measured by SSS is close to that measured by the NOAA up to 17km a.s.l. Above, SSS seems to underestimates the wind speed, but, at Dome C, this fact has almost no influence on other parameters.
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